The N-end rule pathway of targeted protein degradation is an important regulator of diverse processes in plants but detailed knowledge regarding its influence on the proteome is lacking.
Introduction
The transitions from dormant seed to photosynthetically active plant are key steps in the life cycle of plants (Holdsworth et al., 2008; Wu, 2014; de Wit et al., 2016) . Dependent on the light environment following germination, a seedling may undergo skotomorphogenesis (hypocotyl elongation in the dark) or photomorphogenesis (opening of the apical hook and development of the photosynthetic apparatus). In both cases, mobilisation of seed storage reserves fuels growth until plants become fully photoautotrophic (Penfield et al., 2006b; Theodoulou & Eastmond, 2012) . Seed reserves comprise starch, lipids in the form of triacylglycerol (TAG) and specialised seed storage proteins (SSPs), but the relative proportions differ considerably between species (Baud et al., 2008) . In oilseed plants, such as Arabidopsis, TAG is the most abundant storage reserve but the endosperm and embryo of Arabidopsis seeds also contain numerous protein storage vacuoles (PSVs). Arabidopsis has two major classes of SSP: the 12S globulins (cruciferins) and 2S albumins (napins) which are synthesised as precursors during seed maturation and accumulate in PSVs after processing (Herman & Larkins, 1999; Baud et al., 2008) . Following imbibition, catabolism of lipid and protein reserves is initiated in endosperm cells adjacent to the radical tip (Mansfield & Briarty, 1996) . Tissue-specific analysis of abscisic acid (ABA) signalling has shown that mobilisation of embryo and endosperm lipid reserves is under distinct hormonal control (Penfield et al., 2004 (Penfield et al., , 2006a .
Numerous genetic studies have provided valuable insight into the control of germination and seedling establishment (Holdsworth et al., 2008) . Previously, we identified PROTEOLYSIS6 (PRT6) as a positive regulator of germination in Arabidopsis (Holman et al., 2009) . prt6 null alleles exhibit a range of phenotypes related to germination and seedling establishment: germination of prt6 is hypersensitive to inhibition by ABA and insensitive to nitric oxide (NO), prt6 seedling establishment is hypersensitive to sucrose, and hypocotyls and endosperm of prt6 seedlings retain oil bodies for several days following germination (Holman et al., 2009; Gibbs et al., 2014a) . PRT6 encodes a ubiquitin E3 ligase belonging to the N-end rule pathway of targeted protein degradation, which is a specialised subset of the ubiquitin proteasome system (Bachmair et al., 1986; Garz on et al., 2007; Varshavsky, 2011; Gibbs et al., 2014b Gibbs et al., , 2016 . The N-end rule relates the half-life of a protein to its amino terminal (Nt) residue and has three branches, the Arg/N-end rule and the Ac/N-end rule, which target free and acetylated N-termini, respectively, and the recently defined Pro/N-end rule pathway (Supporting Information Fig. S1 ; Hwang et al., 2010; Varshavsky, 2011; Chen et al., 2017) . In eukaryotes, proteins are synthesised with Met at the N-terminus but can become Arg/N-end rule substrates following cleavage by nonprocessive endopeptidases, if the new Nt is large or bulky (a so-called destabilising residue). Arabidopsis has two characterised E3 ligases that recognise different types of destabilising residues. PROTEOLYSIS1 (PRT1) recognises aromatic Nt amino acids, whereas PRT6 is specific for basic Nt residues (Potuschak et al., 1998; Stary et al., 2003; Garz on et al., 2007; Graciet et al., 2010; Mot et al., 2018) . As well as primary destabilising residues revealed by endopeptidase cleavage, PRT6 substrates can be generated via enzymatic modification of secondary and tertiary destabilising residues (Figs 1, S1). Five Arabidopsis transcription factors belonging to Group VII of the Ethylene Response Factor (ERFVII) family, namely HYPOXIA RESPONSIVE1 (HRE1), HRE2, RELATED TO APETALA2.2 (RAP2.2), RAP2.3 and RAP2.12, are N-end rule substrates (Gibbs et al., 2011 Licausi et al., 2011) . These proteins are substrates by virtue of a Cys residue at position 2: following N-terminal Met excision (NME), Cys2 is oxidised by specific oxidases, which enables Nt arginylation, catalysed by arginyltransferase enzymes, ATE1 and ATE2. The sequential reactions of NME, Cys oxidation and arginylation produce an Nt degradation signal (N-degron) for PRT6. The stability of these Met-Cys initiating transcription factors is controlled by oxygen availability and action on exposed Cys-2, thereby providing a mechanism by which oxygen status is sensed and transduced by the Arg/N-end rule pathway in plants (Gibbs et al., 2011 Licausi et al., 2011; Weits et al., 2014; Mendiondo et al., 2016; White et al., 2017) . Hypoxia responsive genes, such as ALCOHOL DEHYDROGENASE (ADH), PYRUVATE DECARBOXYLASE (PDC) and HAEMOGLOBIN1, are ectopically expressed in prt6 alleles (Choy et al., 2008; Gibbs et al., 2011; Riber et al., 2015) . The Arg/N-end rule also acts as a sensor of NO, which is required in addition to O 2 for the degradation of ERFVII proteins in plants and G-protein regulators in mammals (Hu et al., 2005; Gibbs et al., 2014a Gibbs et al., , 2015 .
Genetic approaches in Arabidopsis have revealed further roles for the PRT6 branch of the Arg/N-end rule pathway in leaf development and senescence (Yoshida et al., 2002; Graciet et al., 2009) , quiescence under submergence (Riber et al., 2015) , plant-pathogen interactions (Gravot et al., 2016; de Marchi et al., 2016) and photomorphogenesis (Choy et al., 2008; Abbas et al., 2015) . The Arg/N-end rule also plays roles in gametophyte development, starch accumulation and senescence in the moss Physcomitrella patens (Schuessele et al., 2016) . With the exception of germination, gas sensing and photomorphogenesis, which are ERFVII-dependent (Gibbs et al., 2014a,b; Abbas et al., 2015) , the mechanisms underlying N-end rule loss of function phenotypes have not been identified. In this study, we set out to determine the impact of the PRT6 E3 ligase on the proteome. We hypothesised that substrates would be stabilised in the prt6 mutant and therefore increased in abundance relative to the wild type, as would proteins acting downstream of PRT6 substrates such as transcription factors. Quantitative proteomics techniques, in particular N-terminome analysis (Huesgen & Overall, 2012; Tsiatsiani et al., 2012) , offer an opportunity to analyse the N-end rule in this way: enrichment of N-terminal peptides not only simplifies the proteome but also provides information about protein cleavage events that can be used to identify and validate potential N-end rule substrates (Kleifeld et al., 2010 (Kleifeld et al., , 2011 . The N-terminome is also a useful resource for protein annotation (Hartmann & Armengaud, 2014; Lange et al., 2014; Willems et al., 2017) . Previously, we achieved efficient enrichment of Nt peptides from roots of Arg/N-end rule mutants, using terminal amine isotopic labelling of substrates (TAILS) coupled with dimethyl labelling (Zhang et al., 2015) . Here, we incorporate tandem mass tag (TMT TM ) labelling into the TAILS workflow to quantify the impact of the Arg/N-end rule on etiolated seedlings. We identified and quantified c. 4000 Nt peptides. Of these, Nt peptides corresponding to 146 protein groups exhibited significantly altered abundance in prt6 seedlings. Surprisingly, we detected increased levels of SSP Ntermini in prt6, notably representing all four major cruciferins. We provide evidence that this reflects delayed mobilisation in Arg/N-end rule mutants, due to increased stability of the ERFVII transcription factors. Our N-terminomics data set also revealed that several proteases were differentially regulated in prt6, and subsequent validation showed that protease accumulation and activity are subject to complex regulation by the ERFVIIs. Collectively, our studies reveal that the Arg/N-end rule serves to co-ordinate the mobilisation of seed storage reserves and to regulate the abundance and activities of several proteases following germination.
Materials and Methods

N-end rule mutant alleles and transgenic lines
prt6-1, prt6-5 and ate1/2 are well-characterised Arabidopsis thaliana L. Heynh. null T-DNA alleles, described by Holman et al. (2009) and Graciet et al. (2009) . Higher order mutants are described by Gibbs et al. (2011 Gibbs et al. ( , 2014a and Abbas et al. (2015) . X-GUS lines are described by Garz on et al. (2007) .
Plant growth and seedling treatments
Seeds were raised from plants grown under long day conditions (16 h : 18 h; 23°C : 18°C); all genotypes to be compared were raised in the same cabinet. Seeds were harvested, sieved (< 425 µm; Endecotts, London, UK ) and stored at room temperature. After ripened seeds were surface-sterilised and plated on nylon mesh (Sefar NITEX, 03-110/47; Heiden, Switzerland) on 0.59 Murashige and Skoog (MS) medium containing 0.5% (w/ Substrates are generated by the action of endopeptidases (EP) or by methionine aminopeptidase (MAP)-dependent excision of Met1 from proteins initiating Met-Cys. PRT6, PROTEOLYSIS6 E3 ligase; ATE, arginyl tRNA transferase; NTAN1, asparagine-specific N-terminal amidase; NTAQ1, glutamine-specific N-terminal amidase. Amino acids are indicated with single letter codes; C*, oxidised cysteine. (b) Schematic representation of the TAILS workflow. Primary amines of proteins with free N-termini (star) and lysine (K) side-chain amines of proteins were labelled with 6-plex TMT reagents (three biological replicates per genotype). After combining labelled samples from WT and prt6-5 plants, the sample was divided into two, proteins were digested with either GluC or trypsin, and internal peptides were removed via hyperbranched polyglycerol aldehyde (HPG-ALD) polymer binding of the free N-terminal amine group. The unbound peptides (highly enriched for N-terminal peptides) were fractionated by reversed-phase (RP) chromatography, then analysed by highaccuracy LC-MS/MS. MASCOT and PROTEOMEDISCOVERER TM were used for protein identification and quantification. Grey pentagons represent naturally blocked (acetylated) N-termini. 
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New Phytologist v) sucrose. After 2-3 d dark chilling at 4°C, plates were exposed to light for 6 h to induce germination, then wrapped in foil and incubated in a vertical position at 22°C for 4 d. Etiolated seedlings were harvested under green light; note that mutant and wild type (WT) seedlings grown under these conditions were at the same developmental stage.
TMT labelling and enrichment of N-termini by TAILS TMT-TAILS was performed according to Klein et al. (2015) and Prudova et al. (2016) , with modifications and MS as described in Methods S1.
TAILS MS data analysis
Raw data were searched against the TAIR10 database using MAS-COT v.2.4 (Matrix Science, London, UK) and PROTEOME DISCOV-ERER TM v.1.4.1.14 as described by Zhang et al. (2015) , employing Top 10 peaks filter node and percolator nodes and reporter ions quantifier with semi-ArgC or semi-GluC enzyme specificity with a maximum of one missed cleavage. Carbamidomethylation (+57.021 Da) of cysteine and TMT isobaric labelling (+229.162 Da) of lysine were set as static modifications while TMT (+229.162 Da) labelling of the peptide N-termini, the acetylation of the peptide (+42.011) N-termini and methionine oxidation (+15.996) were considered dynamic. Mass tolerances were set to 10 ppm for MS and 0.06 Da for MS/MS. For quantification, integration window tolerance was set to 0.0075 Da. Each reporting ion was divided by the sum of total ions. Ratios were normalised by the medians of pre-TAILS samples (Methods S1; Lange et al., 2014) searched with ArgC or GluC specificity. Statistical significance of quantification was assessed with an unpaired two-sample Student's t-test on 4 df. Data were log transformed and statistically significant results (P > 0.05) were further restricted to those with more than two-fold change. No correction for multiplicity was applied. The statistical software package R 3.2.2 was used for all analyses. MS proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository (Vizca ıno et al., 2016) with the dataset identifier PXD006450.
SDS-PAGE and immunoblotting
Proteins were extracted in modified RIPA buffer containing 50 mM HEPES-KOH pH 7.8, 100 mM KCl, 5 mM EDTA, 5 mM EGTA, 50 mM NaF, 10% (v/v) glycerol, 1% (v/v) IGEPAL, 0.5% (w/v) deoxycholate, 0.1% (w/v) sodium dodecyl sulphate (SDS), 1 mM Na 4 VO 3 , 1 mM phenylmethylsulfonylfluoride, 19 proteinase inhibitor cocktail (Roche), 19 phosphostop (Roche) and 50 lM MG-132. Proteins were separated in precast 4-12% Bis-Tris gels, using 19 SDS MES buffer and stained with Coomassie Brilliant Blue or transferred to polyvinylidene fluoride using iblot dry blotting system (ThermoFisher, Waltham, MA, USA). Detailed information is given in Methods S2. Primary antibodies were: Brassica napus Cruciferin (Wan et al., 2007) , 1 : 10 000-20 000; OLE1 (antirS3; D'Andr ea et al., 2007), 1 : 5000-10 000; Anti N-terminal AtCathB3 (kind gift of Dr Patrick Gallois, University of Manchester), 1 : 1000; Arabidopsis RD21 (residues 137-150; LPESID WRKKGAVAC; Kaschani et al., 2009 ; kind gift of Prof. Carol Mackintosh, Dundee), 1 : 1000; and PDC and ADH (Agrisera, V€ ann€ as, Sweden), 1 : 10 000 and 1 : 3000. For analysis of dry seeds and dissected endosperm, identical numbers of similar size seeds or endosperm were collected using a dissecting microscope, processed in parallel and identical amount of extracts were loaded, as indicated in the figure legends.
Real time quantitative reverse-transcription PCR (RT-qPCR)
Four-day-old etiolated seedlings without endosperm or seed coat were harvested under green light and RNA were extracted using an RNeasy Plant Mini Kit (Qiagen) and treated with RQ1 RNase-free DNase (Promega). A Transcriptor First Strand cDNA Synthesis Kit (Roche) and anchored -oligo(dT) 18 were used for cDNA synthesis for a two-step RT-PCR. Faststart Essential DNA Green Master (Roche) was used for real-time PCR using a Lightcycler ® 96. Relative quantification was done using both ACT2 (At3g18780.2) and TUB4 (At5g44340.1) as references. Student's t-test was used to calculate P values; error bars are shown as standard errors. Primers used are given in Table S1 .
Activity-based protein profiling
Activity-based protein profiling (ABPP) was carried out as described by Lu et al. (2015) . Band intensities were quantified using IMAGEJ. Student's t-test was used to calculate P-values.
Results
The seedling N-terminome: identification of Nt peptides by TMT-TAILS prt6 RNA is expressed at a low level throughout the plant (Schmid et al., 2005; Winter et al., 2007; Zhang et al., 2015) and prt6 alleles exhibit phenotypes throughout development, including the transition from dark-grown seedlings to light (Abbas et al., 2015) . Etiolated seedlings were selected for analysis because PRT6 is active at this developmental stage, as demonstrated by stabilisation of the artificial Arg/N-end rule substrate, R-GUS, in the prt6 mutant background (Fig. S2) . Labelling of proteins with TMTsixplex TM reagents was used in combination with TAILS to identify and quantify Nt peptides in seedlings of Col-0 and the null mutant, prt6-5 (Graciet et al., 2009) . The experimental workflow is presented in Fig. 1 .
The full N-terminome dataset for etiolated seedlings is presented in Table S2 . A total of 2396 protein groups were identified, with < 20% overlap between the two proteases used in the TAILS workflow (Fig. 2a) . The combined GluC and Trypsin TAILS data sets comprised 5004 unique peptides for which location information was available. Of these, 32% were acetylated, 55% had free N-termini and the remainder represented internal peptides not removed by the hyperbranched polyglycerol aldehyde polymer (Fig. 2b) . In total, 4337 unique Nt peptides representing 3648 unique N-termini were identified. More unique peptides were identified in the tryptic digest (2997, compared to 2007 for GluC), whereas GluC yielded a higher percentage of free Nt peptides, with a lower proportion of acetylated peptides due to lack of the basic residues (Biniossek & Schilling, 2012) . The majority of acetylated Nt peptides were acetylated at Met1 or at residue 2, and therefore are probably the result of cotranslational Nt acetylation, either at the original N-terminus or following NME by Met amino peptidases (Fig. 2c,e) . We also 
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New Phytologist detected free N-termini generated by NME (Fig. 2f) ; both these and the acetylated peptides conformed to the established specificity of Met aminopeptidases (Bonissone et al., 2013) . Of 2740 free Nt peptides, 43 corresponded to unmodified protein Ntermini initiating with Met (Fig. 2d) . The remainder of the nonacetylated peptides putatively generated by a post-translational cleavage event were classified as 'neo' Nt peptides. In total, 2332 peptides initiated at residue 3 or beyond, relative to the predicted translation start ('other') ( Fig. 2g) . As we observed previously (Zhang et al., 2015) , peptides with destabilising residues were underrepresented in the N-terminome.
TMT-TAILS identifies protein N-termini with altered abundance in prt6
Peptide abundance was quantified and normalised with three biological replicates of Col-0 and prt6. The majority of peptides were of similar abundance in Col-0 and prt6 seedlings ( Fig. S3 ; Table S3 ). However, Nt peptides corresponding to 45 protein groups exhibited significantly increased abundance in prt6 (defined as two-fold at P < 0.05; Table 1 ). Sixteen groups are represented only by 'original' N-termini (i.e. Met 1 or residue 2, relative to the TAIR10 gene model), 27 were identified only from N-termini generated by endopeptidase cleavage and two were represented by both the original N-terminus and a new Nterminus generated by cleavage. Whilst the abundance of Nt peptides may not accurately reflect the abundance of the full-length protein, three classes of protein of particular interest with regard to the known physiological functions of PRT6 were identified and selected for further study. First, an Nt peptide derived from the ABA receptor component, PYR1-like 2 (PYL2), was upregulated in prt6 (Fig. 3a) . PYL2 is unlikely to be a PRT6 substrate, because the peptide did not bear an Nt destabilising residue but appeared to have been generated by NME followed by acetylation at position 2. Analysis of transcript abundance by RT-qPCR indicated that PYL2 expression was increased in prt6 relative to Col-0 and that this increase was dependent upon the ERFVII transcription factors, RAP2.12, RAP2.2 and RAP2.3, but not HRE1 and HRE2 (Fig. 3b ). Eight proteins encoded by genes known to be transcriptionally upregulated by hypoxia showed increased abundance in prt6; these included proteins encoded by 'core' hypoxia responsive genes, ADH, HAEMOGLOBIN1 and ACC OXIDASE 1 (Mustroph et al., 2009) , and also two proteins belonging to the adenine nucleotide a-hydrolase superfamily, which are homologous to the hypoxia-responsive universal stress protein, HRU1 (Gonzali et al., 2015) . Remarkably, seed storage proteins represented the largest category of proteins with greater abundance in prt6 compared to Col-0 (Table 1 ). All four major 12S globulins (cruciferins) were represented by several neo-Nt peptides in the prt6-up data set.
Increased abundance of seed storage proteins in prt6 seedlings requires RAP-type ERFVII transcription factors
Cruciferins are highly abundant in embryo and endosperm of seeds but are mobilised following germination and are not normally present in 4-d-old seedlings. Multiple cruciferinderived Nt peptides were identified but only one had a primary destabilising residue. Several neo Nt peptides had secondary or tertiary destabilising residues; these did not bear the enzymatic modifications (arginylation, deamidation) required for degradation (Table S2) , arguing against cruciferins being novel Arg/Nend rule substrates and implying that cruciferin abundance is controlled directly or indirectly by stabilisation of an N-end rule substrate in prt6 seedlings. Since RAP2.12, RAP2.2 and RAP2.3 control the transition from dormancy to germination and seedling response to ABA (Gibbs et al., 2014b; Papdi et al., 2015) , we tested whether they also underpin the role of the Arg/ N-end rule in regulating storage reserve mobilisation. Proteins extracted from 4-d-old seedlings of mutants lacking PRT6 and different combinations of ERFVIIs were analysed by immunoblotting, using antisera towards the a-subunit of cruciferin (Wan et al., 2007) . Hypoxia marker proteins, ADH and pyruvate decarboxylase (PDC), both known to be regulated transcriptionally by the Arg/N-end rule (Gibbs et al., 2011) , were also tested and the oil body structural protein, Oleosin 1 (Ole1) was included because prt6 exhibits an oil body retention phenotype (Holman et al., 2009) . Signals with all four antisera were increased in both the prt6-1 and prt6-5 null mutants and the prt6-1 hre1 hre2 triple mutant relative to WT (Figs 4, S4). However, abundances of Ole1, ADH and PDC in quadruple prt6-1 rap2.12 rap2.2 rap2.3 and sextuple prt6-1 rap2.12 rap2.2 rap2.3 hre1 hre2 (hereafter, 'prt6 erf VII ') mutant seedlings were comparable to those in WT. Abundance of a-cruciferin in the sextuple mutant was also similar to that in Col-0, but was reproducibly lower in the quadruple mutant, suggesting possible feedback regulation by HRE1 and/or HRE2 (Figs 4, S4). The rap2.12 rap2.2 rap2.3 triple mutant had a surprisingly high level of a-cruciferin but all proteins (including a-cruciferin) were present at wild type amounts in plants lacking all five ERFVII transcription factors (erf VII). Taken together, removal of PRT6 function is associated with increased abundance of the storage protein cruciferin, which can be attributed to the action of PRT6 on different members of the ERFVII transcription factor family.
Mobilisation of cruciferin is aberrant and delayed in Arg/ N-end rule mutants
Examination of the protein profiles of dry and imbibed seeds indicated that prt6-5 and wild type seeds contain similar amounts of storage proteins (Fig. 5a) , and therefore the difference in cruciferin abundance between the two genotypes is established following germination. The polypeptide pattern of prt6-5 seeds was consistent with correct processing of seed storage proteins during maturation. In agreement with this, neo-Nt peptides corresponding to the a-and b-subunit N-termini of Cru1/At12S4 and Cru3/At12S1 (as defined by Higashi et al., 2006) were identified in 4-d-old etiolated seedlings, as were peptides corresponding to the b-subunit N-termini of Cru2/At12S3 and At12S2 (Figs 5b, S5) . During germination, the a-subunits of cruciferins are degraded successively from the C-terminus (Higashi et al., 2006; Li et al., 2007 derived from the a-subunits of the four cruciferins were observed in the N-terminome dataset, indicative of aberrant degradation (Figs 5b, S5) . To determine whether the presence of seed storage proteins detected in prt6 seedlings was a result of delayed mobilisation, seed coat and endosperm were dissected from 4-d-old etiolated seedlings and analysed separately by immunoblotting. ADH, a-cruciferin and Ole1 exhibited increased abundance in intact prt6-5 seedlings. Whilst endosperms of germinated prt6-5 seeds contained a-cruciferin and Ole1, these proteins were not detected in wild type endosperm (Fig. 5c ). ADH was strongly Multiple protein groups exhibit reduced abundance in the N-terminome of prt6 seedlings
Peptides representing 101 protein groups were significantly reduced in abundance in prt6 seedlings relative to Col-0 (Table 2) . As analysis of gene ontogeny terms was uninformative, proteins were categorised manually. N-termini of various proteins associated with the apoplast and cell wall were downregulated in prt6, including xylan-modifying enzymes, b-galactosidases and a prolyl 4-hydroxylase that modifies extensin proteins. Numerous chloroplast proteins were also represented in the prt6 downregulated dataset, most notably proteins involved in Chl biosynthesis, consistent with the known role for the Arg/N-end rule pathway in regulating tetrapyrrole synthesis as part of photomorphogenesis (Abbas et al., 2015) . Other proteins with reduced abundance in the prt6 N-terminome included a disparate group of enzymes involved in carbon metabolism and, interestingly, all enzymes of the S-adenosyl methionine (SAM) cycle. Finally, N-terminal peptides of seven proteases were decreased in abundance in prt6.
Proteases are differentially regulated in prt6
The reduced abundance of protease N-termini in prt6 was of interest in the context of delayed seed storage protein mobilisation. To gain insight into their potential regulation by the Arg/ N-end rule, transcript levels of selected proteases were quantified 
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New Phytologist by RT-qPCR. RD21A and SLP2 transcripts were less abundant in prt6-1 seedlings than Col-0; RD19A was unchanged and CP1 was more abundant in prt6-1, indicative of distinct modes of control (Fig. 6 ). As it is generally not possible to predict protease activity from transcript or even protein abundance (van der Hoorn, 2008), we took advantage of the availability of fluorescent probes for ABPP of cysteine proteases to examine a potential role of the Arg/N-end rule in protease regulation (Richau et al., 2012; Lu et al., 2015) . Specificity of the probes has been established previously by analysis of Arabidopsis protease knock-out lines and transient expression of proteases in Nicotiana benthamiana (Gu et al., 2012; Lu et al., 2015) ; labelling specificity was confirmed here by pre-incubation with the inhibitor, E64 (Fig. S6) . Figure 7 shows ABPP results for FY01 and JODGA1 probes; images of the whole gels are shown in Fig. S7 . Dependent on the labelling conditions, FY01 detects aleurainlike proteases (ALPs) and RD21A (Lu et al., 2015) . In extracts of 4-d-old etiolated seedlings, FY01 labelled bands of 30 and 34 kDa, probably corresponding to ALPs, AALP and ALP2, respectively, and a band of c. 40 kDa, corresponding to iRD21A, the active intermediate form of RD21A ( Fig. 7a ; note that labelling alters the apparent relative molecular mass of the proteases). Intensity of the RD21A signal was reduced in prt6-1 and the prt6-1 hre1 hre2 triple mutant, but not significantly different from WT in the prt6-1 rap2.12 rap2.2 rap2.3 quadruple mutant and the prt6 erf VII sextuple mutant, indicating that repression of RD21A activity is dependent on RAP transcription factors (Fig. 7b) . Consistent with the implication of RAPs, RD21A was also downregulated in ate1 ate2, which lacks arginyl transferase function (Fig. S6) . MV201, which also labels RD21A and other papain-like cysteine proteases (PLCPs) (Richau et al., 2012) , gave a similar result (Figs S6c, S7 ).
RD21A undergoes several processing steps: the signal peptide is cleaved co-translationally and removal of the inhibitory prodomain generates an active, intermediate form (iRD21). The protein is further matured by removal of the C-terminal granulin domain to produce two additional activated forms (mRD21) (Yamada et al., 2001; Gu et al., 2012) . Two overlapping Nt peptides (DELPESIDWR; ELPESIDWR) corresponding to the Nterminus of the activated form (iRD21) and indicative of 'ragged' processing were of significantly lower abundance in prt6-5 (twoand 1.75-fold lower than Col-0, respectively; P < 0.05). RD21A protein abundance and processing were investigated further using an antiserum raised to the N-terminus of the active, processed form (Kaschani et al., 2009) . Bands corresponding to the intermediate form (iRD21) and the mature forms (mRD21) were detected in Col-0, but the iRD21 band was less intense in prt6-1 and mRD21 was undetectable (Figs 7c, S8) . Combining hre1 and hre2 alleles with prt6-1 did not recapitulate the WT phenotype, indicating that HRE1 and HRE2 do not play a role in downregulation of RD21 in the prt6 background. By contrast, removal of ERFVII function in either the sextuple prt6 erf VII mutant or the quadruple prt6 rap2.12 rap 2.2 rap 2.3 increased the abundance of iRD21 and mRD21 (Figs 7c, S8 ). Given the RAP-dependence of RD21A activity and protein, we quantified transcripts in different genetic backgrounds. RD21A transcript levels were reduced not only in prt6-1 seedlings (as in Fig. 6 ) but also in erf VII and prt6 erf VII mutants (Fig. 7d ). JODGA1 labelled a band of c. 34 kDa, which corresponds to the cathepsin B (AtCathB)-specific signal detected with this probe (Lu et al., 2015) . Intriguingly, this signal was significantly increased in prt6-1, prt6-5 and ate1 ate2, indicating an enhancement of cathepsin activity (Figs 7e, S6d) . Probing extracts from combination mutants impaired in function of different ERFVII transcription factors demonstrated that this effect was dependent on RAP transcription factors but independent of HRE1 and HRE2 (Figs 7f, S7) . Although no cathepsin-derived peptides were identified in the N-terminome dataset, immunoblotting with a specific antiserum confirmed that AtCathB3 exhibited increased abundance in prt6-1 and the prt6-1 hre1 hre2 triple mutant (Fig. 7g) . Removing RAP function in the quadruple prt6-1 rap2.12 rap 2.2 rap 2.3 or the sextuple prt6 erf VII mutants restored AtCathB3 protein to WT levels but the interpretation of this result was complicated by higher levels of AtCathB3 in the erf VII pentuple and lower-order mutants (which are wild type for PRT6). Despite the apparent RAP-dependence of increased AtCathB3 protein and activity in prt6 seedlings, cathepsin B transcripts were not increased in the mutant, pointing to posttranscriptional or post-translational regulation (Fig. 7h) . Therefore, we tested whether altered expression of the seed-expressed cystatin, AtCYS6/CYSB (At3g12490; Hwang et al., 2009) 
New Phytologist CYSB-derived peptide was present in the prt6-down dataset (Table 2) , but other peptides from this protein were not changed in abundance in the mutant (Table S2) and CYSB transcripts were not reduced in prt6-1 relative to WT (Fig. 7h) . Taken together, the ABPP, immunoblotting and transcript data indicate regulation of proteases by the Arg/N-end rule at both transcriptional and post-transcriptional levels, which is largely, but not completely, RAP-dependent.
Discussion
Impact of the Arg/N-end rule on the proteome
In recent years, the N-end rule pathway of targeted protein degradation has emerged as an important regulator of diverse processes in plants (Gibbs et al., 2014b . Whilst analysis of mutants impaired in different pathway components has provided Peptides listed are more than two-fold decreased in abundance in prt6, compared to Col-0, at P < 0.05. The start and finish amino acid positions are defined with respect to TAIR10 gene models. Residues with modifications Nt-TMT, side-chain Lys TMT or other (e.g. oxidised Met) are indicated in lower case; full details are given in Supporting Information Table S3 . Ac, N-terminal acetylation.
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New Phytologist (2018) 218: 1106-1126 www.newphytologist.com insight into the physiological functions of the N-end rule, knowledge regarding the identity of substrates and the impact of this pathway on the proteome is limited. Affinity purification and quantitative proteomics provide unbiased strategies to probe the N-end rule in plants. Previously, we used TMT labelling and tandem MS to identify proteins with altered abundance in roots of prt6 and ate1 ate2 mutants, and employed dimethyl-TAILS to isolate Nt peptides, which achieved high enrichment of protein N-termini but did not allow reliable quantification (Zhang et al., 2015) . Here, we combined the TAILS technique with TMT labelling for enrichment of Nt peptides in etiolated prt6 seedlings. The TMT-TAILS protocol enabled robust quantification, with quantitative data obtained for 3937 peptides (Table S2 ; Fig. S3 ). Moreover, the use of two proteases increased coverage and increased the proportion of neo-Nt peptides identified (Fig. 2b) . This dataset provides a useful resource for proteogenomics: although not a focus of our study, the data can be used, for example, to identify proteolytic processing events, such as those involved in protein in/activation and signal peptide removal and to support analysis of alternative translation start sites (Hartmann & Armengaud, 2014) . Regarding the Arg/N-end rule, neo-Nt peptides with destabilising residues were under-represented in the complete dataset (Fig. 2g ), but were not markedly upregulated in prt6 compared to wild type (Table S3) . Consistent with our results from global TMT labelling (Zhang et al., 2015) , relatively few proteins exhibited altered abundance in prt6, implying that the PRT6 does not function in bulk protein turnover under normal conditions, but probably plays a role in the controlled degradation of a few regulatory proteins. In agreement with this, it is clear from global protein lifetime measurements and several N-terminome studies that by no means all proteins with destabilising N-termini are degraded via the N-end rule in wild type plants (Bienvenut et al., 2012; Tsiatsiani et al., 2013; Linster et al., 2015; Venne et al., 2015; Zhang et al., 2015; Li et al., 2017) . Degradation depends on the structural and subcellular context of the destabilising residue (amongst other factors) as part of a functional N-degron (Varshavsky, 2011) .
Upregulation of proteins in prt6 seedlings requires ERFVII transcription factors
Of the 45 protein groups upregulated in prt6-5 relative to Col-0, there were no obvious candidate Arg/N-end rule substrates nor were the known ERFVII substrates identified, suggesting that further enrichment is required to detect low abundance, regulatory proteins. The abundance of cruciferin was dependent on activity of RAP-type ERFVIIs, indicating that cruciferin is controlled by the known Arg/N-end rule substrates, rather than being a substrate itself (Fig. 4) . Immunoblotting confirmed the ERFVIIdependent up-regulation of ADH and PDC, in agreement with their known roles in the low oxygen response (Licausi et al., 2013; Gibbs et al., 2015) , and demonstrated that Oleosin1 is regulated by RAP-type ERFVIIs (Fig. 4) . Finally, although not identified previously as prt6-regulated in published transcriptome datasets, we demonstrated a RAP-dependent increase of PYL2 transcripts in prt6 seedlings which was reflected in protein abundance; upregulation of this ABA receptor component may contribute to the ABA hypersensitivity of prt6 (Holman et al., 2009) .
Protein groups associated with diverse functions are downregulated in prt6
Nt peptides representing a diverse collection of proteins were downregulated in prt6 seedlings (Table 2) . Whilst these data require confirmation at the protein level with immunoblotting or quantitative shotgun proteomics, they nevertheless support the notion that stabilisation of Arg/N-end rule substrates can impact negatively on abundance of other proteins, either directly or indirectly. Numerous transcripts are downregulated in published microarray data from different tissues of Arg/N-end rule mutants (Choy et al., 2008; Gibbs et al., 2011; de Marchi et al., 2016) . This suggests that transcriptional repression by stabilised ERFVIIs or unknown transcription factor substrates probably underpins the down-regulation of protein abundance in prt6, although other mechanisms are also possible. N-termini of several plastid proteins, including enzymes of Chl biosynthesis, were downregulated in prt6 seedlings, consistent with the known role for the Arg/N-end rule pathway in co-ordination of photomorphogenesis and oxygen sensing (Abbas et al., 2015) . Transcripts of nuclear photosynthesis-related genes are markedly lower in dark-grown seedlings of the prt6 allele, ged1, than in wild type (Choy et al., 2008) and ERF-dependent repression of protochlorophyllide reductase A, B and C and other Chl biosynthetic genes may serve to prevent accumulation of toxic metabolites under low oxygen, which is needed for several steps of Chl biosynthesis (Abbas et al., 2015) . Our data demonstrate that these transcriptional changes are reflected at the protein level. Enzymes associated with SAM synthesis and recycling were also downregulated in the prt6 N-terminome. These included the three SAM cycle enzymes, Met synthase, SAM synthase and Sadenosyl-L-homocysteine hydrolase (Table 2) . Also downregulated were methylenetetrahydrofolate reductase 1 which can serve as a methyl donor for Met synthesis, and adenosine kinase, involved in salvage of adenylates and methyl recycling. SAM is an abundant cofactor required for ethylene and polyamine biosynthesis and is an important methyl donor for numerous methyltransferase reactions (Sauter et al., 2013) , so modulation of the SAM cycle by the Arg/N-end rule could potentially have several important metabolic and developmental consequences. Whilst the ethylene biosynthetic protein ACC oxidase4 was downregulated in the prt6 N-terminome, ACC oxidase1 was significantly upregulated (Table 1) and is a core hypoxia-responsive gene constitutively expressed in prt6 alleles (Mustroph et al., 2009; Gibbs et al., 2011) . In future studies, it will be interesting to measure SAM, polyamines and ethylene in prt6 seedlings and to determine whether ERFVII transcription factors are involved in their regulation.
The Arg/N-end rule differentially regulates protease activities
The N-termini of several proteases were downregulated in the prt6 N-terminome, two of which, RD21A and SLP2, were also downregulated at the transcript level (Fig. 6) . However, as proteases are subject to post-translational regulation in planta to avoid deleterious consequences of uncontrolled proteolysis, transcript and protein levels often do not predict activity (van der Hoorn, 2008) . Therefore, we analysed protease activity in prt6 seedlings using well-characterised, subfamily-specific cysteine protease activity probes (Richau et al., 2012; Lu et al., 2015) . Two ABPP probes, FY01 and MV201, provided evidence for reduced RD21A activity in prt6-1, prt6-5 and ate1 ate2 seedlings (Figs 7, S6). RD21A is responsible for the dominant PLCP activity in Arabidopsis extracts (Gu et al., 2012) and has been associated with functions in immunity, herbivore defence, senescence, cell death and response to stresses Lampl et al., 2013; Rustgi et al., 2017; and references therein) . Following activation via a proteolytic cascade, RD21A activity is tightly regulated at different developmental stages by a Kunitz-type protease inhibitor, water-soluble Chl binding protein (reversible inhibition) and by AtSerpin1 (irreversible inhibition) (Lampl et al., 2013; Boex-Fontvieille et al., 2015; Rustgi et al., 2017) . RD21A protein is also subject to ubiquitin-dependent degradation mediated by the E3 ligase AtAIRP3/LOG2 (Kim & Kim, 2013) . In this study, we provide evidence for another layer of regulation via the Arg/N-end rule pathway. RD21A activity (as quantified by ABPP) was reduced in prt6 alleles and correlated well with protein levels assessed by MS and immunoblotting. Whilst the reduction in activity and protein was largely dependent on RAP-type ERFVIIs, surprisingly, the transcriptional repression/downregulation of RD21A in prt6 could not be clearly attributed to ERFVII function (Fig. 7) . ABPP also revealed increased Cathepsin B activity in prt6 and ate1 ate2 (Figs 7, S6d) . Arabidopsis has three Cathepsin B genes, AtCathB1 (At1g02300), AtCathB2 (At1g02305) and AtCathB3 (At4g01610), which are ubiquitously expressed (IglesiasFern andez et al., 2014) and functionally redundant in the hypersensitive response and programmed cell death (McLellan et al., 2009; Ge et al., 2016) . However, AtCathB3 exhibits the highest level of transcript, is very strongly induced in germination and accounts for the strong ABPP signal in young seedlings (IglesiasFern andez et al., 2014; Lu et al., 2015) . Although AtCathB3 protein and activity were RAP-dependent, surprisingly, transcript abundance was unaltered in prt6-1 seedlings (Fig. 7h) ; moreover, none of the Arabidopsis cathepsins exhibits significant differential regulation in published microarray studies of Arg/N-end rule mutants (Choy et al., 2008; Gibbs et al., 2011) . Taken together, these lines of evidence point to post-translational regulation of AtCathB3 by the Arg/N-end rule. Although cystatins are known regulators of Cathepsin B activity in plants, we did not find evidence for altered expression of a major seed cystatin, CYSB in prt6 seedlings (Fig. 7h) , so the RAP-type ERFVIIs may influence AtCathB3 protein and activity via more than one cystatin or a different mechanism.
RD21A and Cathepsin B represent only a subset of the large number of proteases encoded by the Arabidopsis genome (van der Hoorn, 2008), but we have discovered that they are regulated in an opposing and complex manner by the Arg/N-end rule. Aside from roles in seed protein mobilisation, regulation of protease activity may be important to prevent potentially deleterious accumulation of neo-peptides in prt6 mutants. An interesting challenge for future studies will be to determine to what extent the N-end rule pathway regulates other proteases and to investigate the potential homeostatic interplay between different protease activities.
The Arg/N-end rule regulates seed storage protein mobilisation through RAP-type ERFVII transcription factors Identification of PRT6 in a genetic screen for seeds with reduced germination potential provided the first link between the Arg/ N-end rule and germination completion and established a role for this pathway in storage oil mobilisation (Holman et al., 2009) . Subsequently, we demonstrated that RAP-type ERFVII transcription factors underpin the germination phenotype of prt6 seeds (Gibbs et al., 2014a) . Our quantitative proteomics data set show that the PRT6 branch of the Arg/N-end rule pathway also plays a role in regulating breakdown of endosperm storage protein reserves (Fig. 4) . In wild type plants, cruciferins are laid down during seed development and mobilised upon germination, but can also be neosynthesised following germination (Galland et al., 2014) . Dry prt6 and Col-0 seeds contained similar amounts of seed storage proteins; in agreement with this, developing seeds of the prt6 allele, ged1 (Riber et al., 2015) , contain wild-type amounts of transcripts encoding seed proteins including At12S4/CRU1 (Choy et al., 2008) . Cruciferin is almost completely depleted in 4-d-old wild type seedlings grown in culture (Heath et al., 1986) . The presence of cruciferin in the endosperm of prt6 seedlings at 4 d post-germination is suggestive of delayed mobilisation (Fig. 4) . Multiple neo-Nt peptides derived from the cruciferin a-subunits were identified as upregulated in prt6 seedlings, consistent with aberrant degradation and suggesting that different enzymes degrade SSPs when the protease complement of seeds is disrupted. In support of this notion, genetic removal of vacuolar processing enzymes has been 
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Although the reduced activity of RD21A correlates with delayed a-cruciferin degradation in the endosperm (Fig. 5c) , a causative link has not been established. Surprisingly, proteases responsible for the mobilisation of Arabidopsis SSPs have remained poorly defined until recently: whilst the activity of several proteases parallels the disappearance of cruciferins postimbibition, storage protein profiles were unaffected in single and multiple protease mutants (inclusive of rd21a alleles), indicative of substantial redundancy (Lu et al., 2015) . Cathepsins have been associated with storage protein mobilisation in Arabidopsis (Iglesias-Fern andez et al., 2014), yet AtCathB3 activity and protein were increased in prt6 seedlings, which would have been predicted to promote, not retard, SSP mobilisation. Moreover, AtCathB3 is absent from endosperm, as judged by immunoblotting (Fig. 5c ) and fluorescence in situ hybridisation (IglesiasFern andez et al., 2014) , and therefore AtCathB3 regulation by PRT6 does not affect mobilisation of SSPs in the endosperm. During the course of this study, CP1/RDL1 was shown to play a quantitatively important role in endosperm cruciferin degradation (Piskurewicz et al., 2016) . The decay of cruciferin levels was delayed by 12 h in endosperm of cp1 mutants, independently of germination, but embryo cruciferin was degraded normally. The SSP mobilisation phenotype of prt6 seedlings, in which endosperm a-cruciferin degradation is specifically retarded, is consistent with the potential regulation of CP1 by the Arg/Nend rule. Neither an activity probe nor a specific antibody is available for CP1, so we were unable to test this hypothesis but as CP1 was represented in our prt6 downregulated dataset (Table 2) it is plausible that it contributes to the delayed SSP mobilisation phenotype of prt6.
As we found previously (Zhang et al., 2015) many of the proteins whose abundance is influenced by the Arg/N-end rule in this study are not bona fide substrates of the pathway, but are regulated (directly or indirectly) by the ERFVII transcription factors. ERFVIIs underpin many of the known prt6 phenotypes and are emerging as the dominant substrates of PRT6 under conditions tested to date. Their role in storage reserve mobilisation during skotomorphogenesis is interesting in the context of hypoxia signalling: RAP-type ERFVIIs play an important role in monitoring the gaseous environment during germination, which has an adaptive value in waterlogged soils and prevents precocious photomorphogenesis (Abbas et al., 2015) . Our proteomic, biochemical and genetic data expand and complement this view, suggesting that controlled degradation of ERFVII transcription factors by the PRT6 branch of the Arg/N-end rule pathway serves to co-ordinate germination and seedling establishment with environmental factors by optimising storage reserve mobilisation.
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